Progress in the theory of plasma turbulence and transport, in collaboration with simulation research and experimental observations, is explained, putting emphasis on the nonlinear instability mechanisms, interaction with meso-scale structures such as zonal flow, transition, and statistical properties. Examples include turbulent fluctuations screened by meso-scale fluctuations, turbulence transition induced by nonlinear interplay between different classes of turbulence, and statistical description and transition probabilities. The self-regulating mechanisms of global plasma structure and turbulence are addressed, and insights into the generation of improved confinement states are addressed. This progress in the understanding of turbulence and structure formation illustrates the advancement of the physics of plasma as an important branch of modern physics.
Introduction
In the last decades, noticeable progress has been observed in the area of plasma confinement research. The progress in the development of plasma parameters aiming at values relevant for the realization of thermonuclear fusion has allowed the design of a fusion engineering device. Together with the progress regarding plasma parameters, observation and understanding of the inhomogeneous high temperature plasmas have matured. The plasma properties are far from those of matters of thermal equilibrium. Plasma transport, which has been found 'anomalous' in the early stage of fusion research, is now considered to be a typical example of turbulent transport of the media which is far from thermal equilibrium. The search for physical laws governing matter in the far nonequilibrium state is the central issue of physics of this century, and the magnetically-confined plasmas provide challenging issues for the advancement of this frontier of physics.
In addition to the fact that transport in confined plasmas is driven by turbulence, it is also well known that plasma profiles are subject to transition [1] . Under similar control parameters (that are given by external operating conditions), plasmas can take distinctively different profiles. The most famous is the H-mode [2] that is characterized by a very steep gradient near the plasma surface. This steep gradient allows the enhancement of the energy confinement time of plasmas, so as to make a fusion engineering device realizable. Along with this very large impact of the H-mode on fusion research, the investigation of the H-mode has stimulated new progress of the theory of plasma confinement. The fact that the confined plasmas are subject to structural bifurcation becomes a feature that characterizes the state of magnetized confined plasmas. After the discovery of the H-mode by Wagner and the ASDEX team in 1982, various distinctive states have been observed, e.g., (in alphabetical order) the CNTR-NBI mode, Core H-mode, Current hole, Enhanced Reverse Shear-mode, High Density H-mode, Helical system Internal Transport Barrier, High-β p H-mode, High-β p mode, High-r i mode, High T i H-mode, High T i mode, I-mode, Improved Ohmic Confinement, Lower Hybrid heating-mode, Pellet mode, Pellet Enhanced Performance H-mode, Radiation Improved mode, Supershot, VH-mode, Zmode, and others [3] . As a basis of the confinement state, the L-mode was also identified when the H-mode was found. In these improved confinement states, it is essential that the plasma gradient at a particular location becomes large; This is called the transport barrier. The scale length of the gradient at the transport barrier is much shorter than the length of global plasma size and is controlled by the self-organizing mechanism of plasma transport. The study of the appearance of the transport barrier has enriched the theoretical study of turbulent transport.
The observed varieties in the plasma profiles are summarized as a general property of plasma transport. The essence is the nonlinearity in the gradient-flux relation [1] . First, the flux is the nonlinearly increasing function of the gradient. This might be attributed to the fact that the gradient is the source of the turbulence and turbulence-driven transport. The nonlinearity in the gradient-flux relation is such that it is not necessarily monotonic; it includes even hysteresis relation. Such strong nonlinearity is the origin of the structural formation and transition. The challenge is to develop a theory that can describe these features of turbulence and turbulent transport [4] .
In this article, the recent progress in the theory of plasma transport and structural formation is surveyed. The subjects include; (i) nonlinear transport and bifurcation, (ii) interference of different scale lengths and the appearance of the meso-scale (hybrid scale), and (iii) evolution of theory from a deterministic view to a statistical view. Through describing the fruitful theoretical endeavors of the last decades, the progress in plasma physics as a nonequilibrium system is highlighted. This article illuminates the progress in our understanding of the physical mechanisms, emphasizing theoretical modelling. This article is not free from omission of important contributions and essential references. Reviews of direct nonlinear simulations (e.g., ref. 5) describe an important area which is not covered by this short overview.
Nonlinear Transport and Bifurcation 2.1 Direction of progress in the development of the theory
When the plasma elements are subject to random motion with short correlation length and correlation time, the diffusion coefficient χ is evaluated by the formula χ = correlation length 2 correlation time .
(1)
The conventional theoretical framework employs the ansatz of correlation time = γ L -1 and correlation length = k ⊥ -1 , which gives the formula
This formula, referred to as the Kadomtsev formula, has been widely used in the literature. This model has the following advantages: First, the flux is predicted to be a nonlinearly increasing function of the gradient. This is because the instability growth rate γ L is usually an increasing function of the gradient. Second, the low frequency instability in the range of drift wave frequency, γ L ∼ ω * , and spatial scale length of ion gyroradius, k ⊥ ∼ ρ i -1 , yield the dimensional dependence such as (3) (L being the gradient scale length). Much effort has been paid to accurately compute the linear growth rate in realistic plasma conditions. This model might be useful in dimensional argument. However, it is not sufficient to enhance our understanding of structural formation and transition. Calculations along the line of Eq.(2) do not explain the variety and dynamics of plasma structures. Development of the theory has been found not in detailed analysis of the linear stability theory, but in the progress of theoretical methods.
New advancements include the following: (Details of the theoretical methods and results are found in reviews of related subjects [6] [7] [8] [9] .) Along these lines of thought, we illustrate in this chapter the nonlinear instability mechanisms, the suppression of turbulence by electric field shear, interference of different scale lengths, the structure of the barrier, transition in multiple-scale-lengths turbulence, activators and suppressers, and nonlocal effects.
Nonlinear instability
Perturbations in plasmas can be more unstable at larger amplitudes. If this is so, plasma can be called nonlinearly unstable. Under this circumstance, fluctuations are self-sustained even in linearly-stable regimes. The linear growth rate is irrelevant in estimating correlation time and correlation length. Nonlinear instability actually takes place. Examples of analyses of nonlinear instability are shown in references [10] [11] [12] . One of the highlights of the confinement theory is that formalism has been developed to treat fluctuations that are dressed with other turbulent fluctuations or with meso-scale dynamics. The nonlinear instabilities have been analyzed.
One mechanism is at work in dissipative instability. Current-diffusive interchange mode (CDIM) turbulence has been analyzed. For analysis of this type of nonlinear instability, a method of the dressed-test-mode has been explored. The coherent nonlinear interaction is renormalized as turbulent diffusivities.
The interchange mode is stabilized if the free electron motion along the magnetic field line neutralizes the charge separation. However, if this motion is impeded, the neutralization is not perfect so as to allow the instability to occur. The electron inertia effects, from either the electron-ion collisions or the cross-field diffusion of current, impede the free electron motion and cause the dissipation. These dissipation effects reduce the restoring force, hence destabilize the perturbation.
The growth rate of the resistive interchange mode [13] and CDIM [1] is estimated as
where η is the resistivity and λ -is the current diffusivity.
a: minor radius, s: magnetic shear. Variables are appropriately normalized). Equations (4) and (5) show that the larger the dissipation, the higher the growth rate. The other important nonlinear instability mechanism is related to the generation of the convective cells [14, 15] . Two limiting forms of the convective cell, the zonal flow (k poloidal -∼ 0) and the streamer (k radial -∼ 0), have been subject to intensive studies motivated by their impact on fluctuations [12, 16, 17] . What is important is the back-interaction of driven convective cells (zonal flow or streamer) on the drift-wave range fluctuations. As shown in Sec. 2.3, the zonal flow suppresses the drift-wave range fluctuations. In contrast, the streamer can induce a secondary instability in the drift wave. There appears a nonlinear chain for excitation between drift-wave fluctuations and streamers. The damping of zonal flow through collisional damping enhances the drift-wave fluctuations. Driving and controlling parameters (gradients and damping rate by collisional processes) dictate the level of turbulence and meso-scale structures.
A nonlinear instability mechanism has been proposed [12] . A potential perturbation of the form φ = φ c cosπy + (φ d1 cosπy + φ d2 sin 2πy)sin k z z exp (ik x x) (6) is considered, where φ c is the streamer amplitude, φ d1 is the least stable drift wave, and φ d2 denotes the damped drift wave. The original density gradient is in the x-direction, but a driven density gradient in the y-direction appears owing to the streamer formation. The drift wave in equation (6) propagates in the x-direction. The density evolution equation for the streamer is ∂ ∂t ∂n ∂y = 2πφ c
with
where A 0 is a coefficient of the order of A 0 ~ k 2 d T e /eB. The complex growth rate of the drift wave is calculated by taking the lowest-order correction of the streamer as
From this set of equations (7)- (9), one sees a nonlinear mechanism for self-sustainment: the drift wave causes convective cells to form, the cell leads to a density streamer, and the density gradient in the y-direction destabilizes the drift wave. Through these nonlinear instability mechanisms, a self-sustained state of turbulence is realized. Fluctuation level is expressed as multi-valued function of global parameters. A cusp-type catastrophe is theoretically predicted for drift waves screened by convective cells as is shown in Fig. 1(b) [18] . The presence of subcritical excitations clearly demonstrates that the fluctuation and associated transport can evolve independently of the linear growth rate.
Suppression of turbulence by electric field shear
One of the key issues in studying the evolution of turbulence in the presence of perturbations of different scale length is the suppression of turbulence by electric field shear [19] [20] [21] . In the model equation for a passive scalar advected by background fluctuations, the effects of rapidly changing fluctuations are included in the turbulent transport coefficient, and are given in the following form:
The stretching of the test perturbation occurs, and the turbulence level is suppressed by ∂V y /∂x (i.e., E ′ r in magnetized plasmas). The mean velocity in the ydirection (poloidal direction), which has shear in the xdirection (radial direction), is expressed as (11) in local coordinates. [The flow shear is interpreted as S υ = rd(E r /Br)/dr in a cylindrical geometry. A more general case is discussed in ref. 
showing that the decorrelation rate becomes higher due to the electric field shear [19] .
As an example, the nonlinear transport theory has provided a formula for the turbulent transport coefficient, including the effect of radial electric field shear. Figure 2 shows the dependence of χ on the pressure gradient α = -Rq 2 dβ /dr and the radial electric field shear [23] ,
where R is the major radius, v A is Alfven velocity, δ is collisionless skin depth, α is the normalized pressure
, q is the safety factor, and ω E = k θ τ Ap E ′ r /B denotes a normalized shear flow velocity due to an inhomogeneous radial electric field. The coefficient F(s, α) denotes the effect of the magnetic shear and Shafranov shift of the magnetic axis.
Interference of different scale lengths, hybrid scales
The key issue in the interaction of fluctuations and the inhomogeneous radial electric field is that the latter is generated by many mechanisms in toroidal plasmas. The nonlinearity of the source of the radial electric field induces various structural formations and transitions. In particular, the inhomogeneous radial electric field is induced by fluctuations, while it tends to suppress fluctuations. The generation of a quasi-dc electric field by fluctuations has been investigated within the concept of the convective cell. Intensive studies have been performed on the electric field domain interface, zonal flow, and streamer.
As is shown by the dispersion relation
decay instability is possible for drift waves [15] . (14) for the choice of meso-scale structure k c ~ √  ρ i /a ρ i -1 . Equation (14) shows a meso-scale time scale in comparison to the typical correlation time scale for micro-fluctuations, i.e., τ cor ~ a/c s . Zonal flows with much shorter radial scale lengths have larger growth rates [18] . However, small-scale flows have less influence on turbulence suppression and structural formation. The zonal flow in toroidal plasmas is discussed in ref. 24 , and a characteristic radial scale length for the largest growth rate is discussed. Quantitative discussion of the transport reduction for small-scale, rapidly changing zonal flows have been explained in reviews [5, 8] .
Form these considerations it is demonstrated that the meso-scale structure and fluctuations evolve simultaneously and are generated from the free energy source associated with, say, pressure gradient. The partition of energy between the micro-fluctuations and meso-scale dynamics has been investigated. An illustrative discussion is given in ref. 25 by use of coupled equations as
where A ~ ñ/n 2 denotes the fluctuation level and U ~ V ′ E  2 is the magnitude of flow shear. The former represents fluctuations and the latter indicates the mesoscale structure. (This set of model equations is deduced based on the balance between the linear instability drive and the nonlinear damping together with the nonlinear source term. The analysis of the nonlinear mechanism has been explained in the literature [6] . We here emphasize the interplay between elements with different scale lengths.) This set of equations models the following processes: the linear drive (growth rate γ 0 ) and nonlinear damping (α 1 > 0) of fluctuations, the flow-shear suppression of mode (α 2 > 0), the collisional damping of flow (damping rate v), and the fluctuationdrive of the flow (α 3 > 0). This system has two kinds of steady state: One is the state with no flow shear, (A = γ 0 /α 1 , U = 0), and the other is that with flow [A = v/α 3 ,
. As is shown in Fig. 3(a) , the energy is transformed mainly into the meso-scale flow in the small collision regime. In this regime, the increment of the drive γ 0 does not enhance the fluctuation amplitude, but leads to the increased meso-scale Competition between the zonal flow and streamers has been discussed in [28] . The important role of meso-scale dynamics has been recognized in conjunction with the coupling of wave-like fluctuations and zonal flows. The macroscale, meso-scale and micro-scales are summarized in Table 1 .
Structure of the barrier
The nonlinear diffusion equation of E r dictates the steep spatial structure of the transport barrier, being coupled with the suppression of turbulence. The nonlinear diffusion equation of radial electric field (in the presence of supply of current from external circuit) is written as (17) where µ i is the ion shear viscosity, J r is a local current and J ext is the current which is injected by the external circuit. When the local relation J r -J ext = 0 has multiple solutions due to the nonlinearity of radial current J r [E r ], the structural transition can occur. As a result of the transition, the electric domain interface is formed [1] . Let us consider the case in which J r -J ext = 0 has three local solutions, E r = E A , E r = E B , and E r = E C . When the former two are stable and the last one is unstable, the domain interface, where the regions of E r = E A and E r = E B are connected within a short radial distance, is self-sustained. The solution in the stationary state is given, in the vicinity of the interface, by 1 2
The domain interface requires that the solution smoothly continues to the branch E B , i.e.,
This condition implies that the areas between lines J r (E r ) and J r -J ext are equal. The thickness of the domain interface ∆ di is given approximately by
By employing the collisional model of the radial current J r , one has a relation such as
for the Bohm diffusion (µ i ∝ T/eB) and
The nonlinearity in the response J r has been investigated in various circumstances. It has been tested on tokamaks by inducing the radial current near edge by using an external circuit. In this case, a solitary structure is sustained. Experiments on tokamak plasmas are described in [29] , and the analyses are reported in [30, 31] . The internal transport barrier formation in helical plasmas has been investigated, and the structure of the interface has been studied in detail [32] .
Nonlinear interplay and transition in
multiple-scale-lengths turbulence Nonlinear interactions of fluctuations having different scale lengths are considered to be a key for the evolution of turbulence. This was discussed in the case of meso-scale dynamics. In this subsection, we describe the nonlinear interactions between fluctuations having different scale lengths. Here we call the collective drift- type fluctuations the 'semi-micro-mode' (~ρ i ) and distinguish it from the 'micro-mode' of the scale of the skin depth (~c/ω p ). Micro-turbulence is considered to cause anomalous electron transport. The former has a destabilizing influence and the latter has a suppressing effect. The statistical nonlinear interplay (nonlinear dynamics) determines both the fluctuation levels and the cross-field turbulent transport, inducing a new turbulence transition.
The effect of the semi-micro-mode on the micromode is taken as follows: The local pressure steepening can destabilize the micro-mode and the stretching of the micro-vortex induces damping on the micro-mode. The micro-mode fluctuations, on one hand, contribute to the nonlinear noise for semi-micro-mode so as to enhance it. At the same time, the micro-modes cause the eddy damping of the semi-micro-mode.
Taking into consideration these nonlinear effects, we have a set of nonlinear equations (extended Fluctuation Dissipation theorem) for the spectral intensities of the semi-micro-mode I l and micro-mode I h as [33] 
and
In these equations, superscripts h and l denote the micromode and semi-micro-mode, respectively,
2 implies the noise source (pumping) from micro-mode to the semi-micro-mode, and
The parameters D l and D h denote the magnitudes of the drives due to global inhomogeneity and are turbulent transport coefficient in the absence of mutual nonlinear interactions, where γ 0 stands for each nonlinear growth rate without coupling, ω E1 is the E × B shearing rate by the global radial electric field, ω E = B -1 dE r /dr, ω 
represents the amplitude of the semi-micro-mode above which the E × B shear stabilization is effective.
This system of equations has three types of solutions; The micro-mode dominant solution, the semimicro-mode dominant solution, and bistable solutions. For the case of the micro-mode dominant solution, the semi-micro-mode is quenched I h -∼ (D h ) 2 and I l -∼ ε I h . For the case of the semi-micro-mode dominant solution, the level of the micro-mode is suppressed as Figure 4 illustrates the phase diagram on the plane of global driving parameters, being represented by D l and D h . Symbols 'micro' and 'semimicro' stand for the regions where the micro-mode or semi-micro-mode solutions are obtained, respectively. In the region denoted by 'both', bistable solutions are given. A cusp type catastrophe is obtained. In Fig. 4 , both semi-micro-and micro-modes are unstable everywhere when analyzed independently. Nevertheless, the mutual interaction regulates the excited fluctuation levels.
The induced transition of the semi-micro-fluctuations sheds light on the internal transport barrier (ITB) formation. A key problem in ITB formation is the imbalance between the formations of ITBs for the ions and electrons [4] . In many cases, the electron thermal transport remains at the level of the L-mode when the ITB for the ion energy is established. This problem can be resolved by considering the mutual interactions between a semi-micro-mode such as the ITG (ion temperature gradient) mode and a micro-mode such as the ETG (electron temperature gradient) mode or CDBM turbulence. This study illustrates that the semimicro-mode, which dominantly influences ion transport, is reduced first; the micro-mode that influences electron transport remains strong. The micro-mode is reduced later. These analyses might be compared to the experimental observations. Measurements on the TFTR tokamak have shown that the longer wavelength fluctuations are strongly quenched [34] , but the shorter ones appear more prominent when the ion ITB starts to grow [35] . The enhancement of the shorter-scale fluctuations at the onset of the ion-ITB seems faster than the increment of the gradient, although the time-space resolution is limited. This suggests that the increment of shorter ones is caused not by the change of the global gradient but by other nonlinear processes. The relation with residual electron anomalous transport has been discussed [35] . The analysis of the nonlinear interplay between the semi-mico mode and the micro-mode provides an understanding of the imbalance between the formations of ITBs for the ions and electrons. Nonlinear studies have been performed in the range of the ion gyroradius ρ i and in the regime of electron gyroradius ρ e . In both cases, the interactions between meso-scale structures have been found important. The ETG modes may have substantial effects on transport through generation of the streamer [36] . This stimulates the study of the nonlinear interaction between fluctuations of the semi-micro-scale (say, ρ i ) and micro-scale (e.g., ρ e ). The influence of the zonal flow generated by fluctuations in the range of ρ e on the fluctuations in the range of ρ i has been discussed [37] .
Activator and suppresser in global driving parameters
Strong fluctuations in plasmas due to either a linear instability mechanism or a nonlinear instability mechanism, excited by the presence of global inhomogeneity. It is important to note that there are activators and suppressers for turbulence in global parameters. The pressure gradient and temperature gradient drive fluctuations. The other inhomogeneities could have suppressive effects. For instance, the density gradient drives resistive drift instabilities but tends to stabilize the ion-temperature-gradient mode. The inhomogeneity of the radial electric field (being associated with plasma flow shear) suppresses pressure (temperature)-gradientdriven turbulence if the electric field inhomogeneity is not too large. The pressure gradient on one hand is a primary source of fluctuations, yet can also act as a suppresser. For instance, a strong pressure gradient induces a large toroidal shift of magnetic axis (Shafranov shift) and deforms magnetic field, so as to suppress fluctuations. In addition, the pressure gradient is the driving source of the radial electric field. This might be understood from the consideration that the polarity of the radial electric field (either positive or negative) violates the in-out symmetry, while the pressure gradient breaks the in-out symmetry. In addition, the induced fluctuations can either reduce the inhomogeneity (e.g., via energy transport) or increase the inhomogeneity (e.g., via an electric field generated by turbulence). That is, the activators and suppressers cooperate and interfere among themselves [1, 23, 25, 38] . Figure 5 illustrates the interplay of activator and suppresser.
Nonlocal effects
Important progress has also been seen in the study of the nonlocal effects in turbulent transport. The discrimination of the Lagrangean view on plasma motion from an Eulerian view on fluctuating field is in progress. This sheds light on the nonlocal effects [39, 40] . In addition, a propagation of large-scale bursts has also attracted attention [41] [42] [43] .
This progress has been applied to transient transport problems: The propagation of perturbation could be different in nonequilibrium matter from that predicted based on diffusion coefficient in a stationary state. Abundant observation has been piled up concerning this issue, and the transient transport problem has been recognized [44] . Description of the nonlocal effects and its application to transient transport problems are reviewed in, e.g., ref. 8.
Bifurcation and Structural Formation 3.1 Hard bifurcation and H-mode
The radial electric filed is subject to bifurcation owing to the nonlinearity in J r (E r ). By the mechanisms of the electric field bifurcation, a variety of the structures are realized in plasmas [45] . The dynamical equation of E r (17) is symbolically written as
where normalization is introduced for the electric field and time as X = eρ p E r /T and τ = tc s /2qR. (ρ p : ion gyroradius at poloidal magnetic field, T: plasma temperature, c s : ion sound velocity.) The damping term, Λ X X = (1 + 2q 2 ) -1 (qR/ρ s ec s n i )J r is the normalized current, and g x indicates the statistical noise source. (The influence of statistical noise is discussed in Sec. 4.) An explicit form which is relevant near the plasma edge is employed here as [45] [46] [47] 
where Z(X) is the plasma dispersion function, Y is the neoclassical drive of the order of -ρ p p 0 -1 dp 0 /dr, v * = v ii qRc s -1 is the normalized ion collision frequency, v b = (R/r) 3/2 v * , α is a numerical parameter that denotes orbit squeezing [46] , and γ zonal is the zonal flow excitation rate combined with shear viscosity damping [17] .
The equation Λ X = 0 describes the stationary states, and the cusp-type catastrophe is constructed. For given parameters (v b , Y ), this equation has either one solution X or three solutions of X. When the pressure gradient is small, only a solution regarding weak radial electric field exists and is attributed to the L-mode. When the pressure gradient exceeds the threshold, the state of the large radial electric field appears. This state is the Hmode. For a fixed value of v b , v b = 0.5, the solution X is illustrated in Fig. 6 as a function of Y. For these two branches of the electric field, the turbulent transport is calculated. It is strongly suppressed in the state having a large radial electric field.
Bifurcation in the activator-suppresser system and ITB
The co-existence, interference, and nonlinear interaction of the activator and suppresser are the origins of structural formation. As an example, the nonlinear transport theory has derived a formula for the turbulent transport coefficient in Sec. 2.2, including the nonlinear chains seen in Fig. 5 . Figure 2 shows one example of the transport coefficient. The activator and suppresser are observed. The transport simulation of tokamak plasmas is performed using this model formula of the transport coefficient. The results of the large tokamak simulation are shown in Fig. 7 . For a fixed heating power, the plasma is predicted to be in the L-mode state when the plasma current is high. The thermal transport coefficient is larger near the edge, and becomes higher if heating power is increased. When the plasma current is reduced with fixed heating power, the Shafranov shift becomes larger. The transition of the transport coefficient then takes place and the internal transport barrier is self-organized. Using this transport formula, various types or structural formation in plasmas can be reproduced. It has been demonstrated that the competition and cooperation of the activator and suppresser play roles in forming the transport barriers in plasmas. See [38, [48] [49] [50] [51] for various examples.
Direct nonlinear simulation has been developed, and this type of interplay between suppresser and activators has been confirmed. One example is quoted in Fig. 8 . The profile evolution and fluctuations are studied by means of direct nonlinear simulation [52] [53] [54] [55] . The cases of monotonic safety factor and reversed magnetic shear are compared, demonstrating a transport barrier formation in global simulations.
From Deterministic View to Statistical View 4.1 Statistical modelling of turbulence
When one studies the nonlinear dynamics of plasma turbulence, the dynamical equations of the fluctuation fields are given in the form of
where ƒ represents the fluctuating fields. For instance, ƒ T = (φ, J   , V   , P e , p i ) is the fluctuating component of electrostatic potential, parallel current, parallel velocity, electron pressure, and ion pressure in a reduced set of equations. N ( ƒ, ƒ ) stands for the convective nonlinear terms such as
The 
Role of nonlinear interactions
The role of nonlinearity has been studied using two approaches.
One is to focus on the nonlinear effects that make the life-time of a particular structure longer when the amplitude becomes high. For instance, large amplitude drift waves are known to form a modon which maintains localized potential against the linear dispersion of waves. Through this dependence of the life time on the amplitude and the spatial scale, the statistical response of fluctuating fields against white-noise differs from the equi-partition law. The non-Gaussian probability density function (PDF) has been derived [56, 57] . The one-field model (Hasegawa-Mima equation) is employed, and the tail of the PDF for the local Reynolds stress R is analyzed. The probability that a modon is excited by a given white noise is calculated and the tail for the PDF P(R ) is estimated as [56] 
A stretched non-Gaussian exponential tail is reported. The other approach is to focus on the incoherent interaction of background fluctuations with the test mode. The background fluctuations induce a coherent influence on the test mode, which is usually discussed in terms of the eddy-damping rate. The rapidly varying part in N ( ƒ, ƒ ), which is averaged out when one calculates its coherent part, affects the test mode as noise:
The formulation of the incoherent part has been advanced by Krommes and colleagues, and a consistency relation between the statistical average of noise 〈S 2 〉 and that of fluctuation fields 〈 ƒ 2 〉 is derived [9, 58, 59] . The nonlinear noise has a new impact on the statistical properties. It implies that the noise level is related to the magnitude of the fluctuations. When the amplitude of the fluctuations increases, the magnitude of the noise also increases. Thus there is a nonlinear link between fluctuation level and noise level. This leads to a tail in the probability density function of the fluctuation level and strongly affects the transition probability. The statistical property is surveyed by emphasizing the nonlinear noise.
Renormalized Langevin equation approach
The nonlinear terms are expressed as a sum of the drag and nonlinear noise. (They are divided into drag, drive, and noise, and are separated into semi-micro-and micro-modes, if fluctuations with multiple scale lengths coexist. The case of multiple-scale turbulence is discussed in [33] .) Renormalized Langevin equations are derived as
The renormalized drag (coherent part) is given in a form of the eddy-viscosity type nonlinear transfer rate γ j . A random-noise part is regarded to have a shorter decorrelation time than γ j -1 according to the rapid change model. The nonlinear drag term is written in an apparent linear term as (Γ ƒ)
where -λ is the nonlinear eigenvalue for the test mode.
In the turbulent state, the contribution of nonlinear noise is considerably large, and is not always negligibly small. From the solution provided by the Langevin equation Eq. (27) , a statistical average of fluctuation amplitude is derived. The extended FluctuationDissipation (FD) relation, which is satisfied by the average fluctuation amplitude and noise, has been derived. After a statistical average is obtained, the decorrelation rate agrees with the eigenvalue λ. With the help of diagonalization approximation, by which the correlation function of noise terms is represented by the autocorrelation of fluctuations, we arrive at an explicit form of the FD relation [60] . It is written as (29) where is a numerical coefficient of the order of unity, and the total fluctuation levels for the j-th field is given by
. The eddy-damping rate γ υ is related to the fluctuation amplitude as
where k 0 is a typical wave number. Equations (28), (29) , and (30) form a closed set of equations that determines the fluctuation level I, the decorrelation rate ℜe(λ), and the eddy-damping rate γ υ simultaneously in the presence of global inhomogeneities. The first term in the right hand side of Eq. (29) is the result of the nonlinear noise. This enhances the fluctuation level in the stationary state, both for the super-critical turbulence and the subcritical turbulence. For the sake of illustration, let us consider the case of strong turbulence where the thermal fluctuations are neglected in Eq. (29) . In this simplified case, one has a relation from Eq. (29) as ℜe(λ) = C 0 γ υ , k /2, the righthand side of which is the contribution of the nonlinear noise. This shows that the renormalized eigen value λ in the stationary state is enhanced by the presence of nonlinear noise. As is understood from Eq. (28), the higher renormalized eigenvalue λ means that the turbulent eddy damping rate Γ is higher. That is, the fluctuation level is higher as is shown by Eq. (30) . An estimate of the noise term is given in ref. 60 . The fluctuation level in a stationary state is enhanced by a factor O(1) owing to the nonlinear noise.
The nonlinear noise also affects the probability of turbulence transition, which is discussed in Sec.
4.2.
An average of fluctuation energy in a small volume, E ≡ 1
, is introduced. (L denotes the size of the region where the average is taken.) The Langevin equation for this coarse-grained quantity is obtained from Eq. (27) as
where the drag and noise terms are given as
, respectively. The coefficient Λ is the averaged decorrelation rate.
The Fokker-Planck equation for the probability distribution function P(E ) is given as
The probability density function (PDF) is strongly influenced by the asymptotic behaviours of the damping rate Λ and the noise source g The steady state PDF for the average energy P eq is obtained by putting ∂P/∂t = 0 in Eq. (32) . It is expressed as
where (34) is the potential function of the renormalized dissipation and P is a normalization constant. This potential S(E ) dictates the statistical properties of the thermodynamical and turbulent fluctuations. Equation (33) shows that the most probable state is controlled by the condition that S(E ) + ln g takes the minimum [60] . This minimum principle is shown to be reducible to the Prigogine's minimum-entropy-production-rate principle [61] or to the Boltzmann's maximum-entropy principle, if one takes the limit of the thermodynamical equilibrium. 
. By use of these parameter dependencies, one has an explicit formula of PDF for the system of CDIM turbulence and thermodynamical fluctuations. The analysis in the large amplitude limit has shown the existence of a tail component. One finds an asymptotic form in the large E limit as
with η = 5/4 + 4Λ
eq . The relation for the power index is given as
This result shows that the power index depends on the gradient scale length as well as the size of the average volume. As the pressure gradient becomes larger, the tail becomes prominent.
The non-Gaussian statistics shown by PDFs such as Eqs. (25) and (35) provide a new picture of the transport properties. First, the average of transport is not necessarily determined by the most probable value but is strongly influenced by the tail. A rare and large event contributes substantially. This must be noticed when the analytic parameter dependence of transport coefficient is discussed. An analytic model of the most probable value does not necessarily agree with that of the average, when the non-Gaussian tail plays a substantial role in the average. The other issue is the transient transport problem. As is discussed in [6] and is sketched in Sec. 2.3, the level of turbulence is related to the scale length of the fluctuations. As the amplitude becomes larger, the radial scale length becomes longer. The presence of a non-Gaussian tail in PDFs shows that the transport could be a mixture of the small-scale/low-amplitude fluctuations and the large-scale/high-amplitude fluctuations. The latter can also affect the transient response of transport as is discussed in Sec. 2.8.
Transition probability
The transition probability between two fluctuation states can be calculated by use of the potential S(E ) [62] . In the hysteresis region, S(E ) has two minima (at E = E A and E = E B ), separated by the maxima of S(E ) at E = E C . [In the case of Fig. 1(a) , the state A stands for the thermodynamical fluctuations and B for turbulent fluctuations.] The probabilities for the A-to-B and B-to-A transitions are given as
where Λ * = -2E ∂Λ/∂E  C is estimated at the saddle point, γ m is the average decorrelation rate of thermodynamical fluctuations, and γ B is the turbulent decorrelation rate at the state B. In the case of subcritical excitation from the thermodynamical fluctuations, Λ * is estimated as Λ * -∼ γ m . It should be noticed that the meso-scale between the thermodynamical decorrelation rate γ m and the turbulent decorrelation rate γ B appears in the time scale of the transition rate in Eq.(37b).
In the thermodynamical limit of Eq.(37), one has a formula of r A→B = π -1/2 γ m exp{-E C /T }. The dominant dependence is given as ln(r A→B ) ∝ -1/T, which is the Arrhenius law [63] .
By substituting the estimate of potential S(E ) in Eq.(37), transition probabilities are calculated for the case of CDIM turbulence. One has an estimate of the saddle point E C for typical wave number
in the vicinity of linear stability criterion G c . The transition probability is evaluated as
with the power-index as
(L/a) 2 . Noise sources, which are proportional either to temperature T for thermodynamical noise source or to C 0 for turbulent nonlinear noise source, tend to reduce the index b 1 . As noise sources become larger, the transition probability becomes higher. An explicit calculation is given in ref. 64 .
This statistical excitation mechanism provides new insight regarding the self-organized oscillations which are generated as repetitive transitions between different branches of the hysteresis curve. A deterministic model of bifurcation gives a picture of limit cycle oscillations. When one considers the statistical excitation of transition by nonlinear noise, a deterministic view of oscillation is replaced by a statistical view of selforganized oscillations. An example of this analysis is given in ref. 65 . The statistical theory regarding the meso-scale radial electric field has very recently been advanced [66, 67] .
The statistical theory of transition will resolve the complications involved in the experimental observations. Experiments have shown that the change of radial electric field occurs in a very short time [68] as has been theoretically predicted [1] . This supports the model based on a hard bifurcation. On the other hand, a test involving the observation of hysteresis by use of a very slow change of parameters has not shown clear hysteresis [69] . This discrepancy in observations is resolved by considering the ensemble average [67] . (See Fig. 9.) 
Progress in the Physics of Plasmas as Nonequilibrium Systems
Based on these studies of turbulence and turbulent transport, development of the principle of statistical physics has progressed beyond those regarding the thermal equilibrium state. The progress in this area illustrates the impact of plasma physics on the progress of modern science.
In the thermal equilibrium state, several fundamental principles have been established. Examples are as follows [61, 63, [70] [71] [72] : The Onsager's ansatz concerning on the independence of the kinetic coefficients (like viscosity) of the size and Onsager's symmetry of the transport matrix, the fluctuation dissipation theorem and Einstein's relation, which relates the noise source and transport coefficients, the equi-partition of energy and Boltzmann distribution, the maximum entropy principle for equilibrium, and the principle of minimum entropy production rate for the relaxation, the Maxwell's construction rule for the phase boundary in the phase diagram, the Arrhenius law that dictates the transition probability, Curie's principle which prohibits the interference of fluxes of scalar and vector quantities. The transport coefficient is given as a local quantity and is independent of the gradient. Based on these foundations, enormous progress has been made in the physics of materials.
The confined plasmas are in a far-nonequilibrium state: they do not satisfy these thermodynamical principles. What is necessary are the generalized principles that rule matter in far-nonequilibrium state. The theoretical understanding of the plasma turbulence and turbulent transport is summarized in Table 2 , with emphasis on how the thermodynamical principles are generalized [8] .
Summary and Prospects
In this article, the progress in the theory of plasma transport and structural formation in the last decades is surveyed. An emphasis is put on the nonlinear instability mechanisms, interaction with meso-scale structures like zonal flow, transition, and statistical properties. Examples include the turbulent fluctuations being screened by meso-scale fluctuations, the turbulence transition induced by the nonlinear interplay between different classes of turbulence, and the statistical description and transition probabilities. The evolution of fluctuations is not properly described by the growth of an isolated mode. The concept of screened fluctuations (dressed test mode) has been developed. The selfregulating mechanisms of global plasma structure and turbulence have been addressed, and insights into the generation of improved confinement states are described. The understanding of turbulence and structure formation has been one of the principal advancements in plasma physics. Its impact on the physics of farnonequilibrium systems has been illustrated. We would Table 2 The principles of statistical theory for strong plasma turbulence are compared with the principles of thermodynamical equilibrium.
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